Background : Nonpulsatile blood flow plays an important role in the pathogenesis of renal dysfunction in patients with extracorporeal circulation. In our opinion, hypoxic preconditioning (HP) can be used to protect kidneys from postsurgical dysfunction. The aim of this study was to evaluate nephroprotective efficacy of HP in myocardial revascularization with extracorporeal circulation. Methods : The randomized, controlled trial was performed in 63 patients undergoing coronary artery bypass grafting (CABG). Thirty-three patients were subjected to HP during CABG; 30 patients were included in the comparison group. All patients underwent dynamic renal scintigraphy with 99m Тc-diethylenetriaminepentaacetic acid and were subjected to measuring the concentration of lipocalin in blood serum before and after CABG. Results : After CABG, the mean values of the total glomerular filtration rate (GFR) and GFR for each kidney significantly decreased only in patients of the comparison group. Significant increases in the concentration of serum neutrophil gelatinase-associated lipocalin occurred 5 h after surgery both in the group with HP (70.65 ± 46.71 to 127.58 ± 98.46 ng/ml) and in the comparison group (65.01 ± 38.64 to 171.65 ± 89.91 ng/ml). At the same time, the mean difference values between pre-and postoperative lipocalin levels were 56.94 ± 51.75 ng/ml in the study group and 106.64 ± 51.27 ng/ml in the comparison group; these differences were highly statistically significant (р = 0.004). Conclusion : The results of our study showed that (i) HP exerts nephroprotection in patients undergoing on-pump CABG, and (ii) determination of the lipocalin-2 level can be used for early diagnosis of acute kidney injury in cardiac surgery patients.
Introduction
Acute renal injury (AKI) is a common complication of cardiac surgery [1] [2] [3] [4] [5] . According to the available literature [2] , renal failure occurs in 7.7% of the patients after coronary artery bypass surgery with extracorporeal circulation; 1.4% of the patients receive dialysis. In-hospital mortality and the duration of hospitalization are significantly higher in patients with renal failure than in other patients [2] . Evidence suggests that surgical trauma can trigger systemic inflammatory response, characterized by an increase in circulating cytokines, microvascular damage, and severe immune dysfunction [3] . Systemic inflammatory response can lead to acute renal failure in cardiac surgery patients [4] . Moreover, nonpulsatile blood flow plays an important role in the pathogenesis of renal dysfunction in patients with extracorporeal circulation. It causes increased levels of circulating catecholamines and inflammatory mediators, release of free hemoglobin from the damaged erythrocytes [2] as well as macro-and microembolism of the kidneys, leading to renal vasoconstriction, ischemic damage of renal parenchyma, and corresponding decreases in the renal blood flow and the glomerular filtration rate (GFR) by 25-75% [5] . Therefore, the search for new, highly efficacious methods for the prevention of renal dysfunction in patients undergoing cardiac surgery is an important task of present-day cardiology. In our opinion, hypoxic preconditioning (HP) can be used to protect kidneys from ischemic injury and postsurgical dysfunction in surgical interventions on the heart.
The phenomenon of HP consists in an increased tolerance of the organs and tissues to long-term hypoxia (ischemia) due to one or several preceding sessions of hypoxia and reoxygenation [6] . The term 'hypoxic preconditioning' was coined in 1992 by the research group of Prof. H.F. Downey from Texas [7] . Even the earliest works dedicated to this problem demonstrated that HP contributes to an increase in cardiac tolerance to ischemia and reperfusion [7] . Besides, data showed that ischemic and HP increases resistance of the kidneys to ischemic injury, reducing the degree of functional and structural renal abnormalities caused by ischemia/reperfusion [8, 9] . In the available literature, there is a lack of publications regarding the renoprotective efficacy of HP in human subjects.
As known, diagnostic criteria of acute renal dysfunction are based on the values of serum creatinine concentrations and the amount of excreted urine. However, these parameters do not enable early detection of AKI [10] . Some authors believe that the most promising markers for early diagnosis of AKI are those that are associated not only with abnormal renal filtration function and injury of kidney parenchyma but also with cellular proliferation, apoptosis, abnormal immune response, and inflammation [11, 12] . One of these markers is neutrophil gelatinase-associated lipocalin (NGAL), a protein associated with gelatinase in the neutrophils. In the presence of ischemic and toxic injury of the kidneys, the expression of NGAL is increased multifold in the cells of tubular epithelium; NGAL concentrations in blood plasma and excretion with urine increase 24-48 h before the rise in the creatinine level [13] . Increases in the NGAL concentration in blood and urine are found as soon as 2-6 h after cardiac surgeries and indicate the early stage of postoperative AKI with a sensitivity of 90% [14] . Having said this, the levels of NGAL in blood plasma and urine have a similar diagnostic and prognostic significance for AKI [15] .
Unlike other diagnostic methods such as laboratory tests, radiopaque contrast-enhanced urography, and ultrasound study, radioisotope renal scintigraphy detects abnormalities in the renal function at early stages of the disease. It is a physiological, easily reproducible, and minimally invasive diagnostic method [16] . However, the available literature does not present data regarding the use of scintigraphic methods for studying the efficacy of various nephroprotective approaches in cardiac surgery.
The present study was designed to evaluate the nephroprotective efficacy of HP in myocardial revascularization with extracorporeal circulation.
Material and Methods

Patient Selection
A total of 63 patients (all male, mean age 57.62 ± 7.50 years) who had first-time coronary artery bypass grafting (CABG) were enrolled in the study. Patients were randomized into two groups: the study group included patients who received HP during CABG (n = 33), and the comparison group comprised patients without nephroprotection (n = 30). The clinical profiles of the matched patients were comparable and are described in table 1 . All consecutive patients were examined after informed consent had been obtained. All patients underwent dynamic renal scintigraphy with 99m Тc-diethylenetriaminepentaacetic acid ( 99m Тc-DTPA) before and 6-7 days after CABG and were subjected to measuring the concentration of lipocalin in blood serum prior to CABG and 5 h after the beginning of the operation.
Clinical Data
Collected data included: gender, age, New York Heart Association (NYHA) class, prior myocardial infarction, angiotensin-converting enzyme inhibitor (ACEi)/angiotensin II receptor blocker (ARB) treatment, and the number of damaged coronary arteries. The factors recorded intraoperatively included: duration of cardiopulmonary bypass, cross-clamp time, perfusion pressure, number of grafts, surgical left ventricular (LV) plasty, placement of a balloon pump, and the use of left or right internal thoracic artery grafts ( table 1 ). The patients of both groups preoperatively received a background therapy with ACEi/ARBs to achieve target values of blood pressure ( table 1 ) . No clinically significant episodes of perioperative hypotension were documented in the study; blood pressure changes were comparable in both groups in the perioperative period and during cardiopulmonary bypass perfusion ( table 1 ) .
Renal Function Evaluation
Dynamic renal scintigraphy with 99m Тc-DTPA was performed in a sitting position of the patients whose back faced a detector of the gamma-camera so that the heart and the kidneys were within the field of view. The radiopharmaceutical was introduced intravenously at a dose of 30-40 mBq (0.8-1.0 mCi) and a volume Data are presented as mean ± standard deviation or n (%), unless otherwise indicated. NS = Nonsignificant; study group: patients with HP; comparison group: patients without HP. p = Significance of differences between groups; AMI = acute myocardial infarction; LVEF = left ventricular ejection fraction; IABP = intraaortic balloon pump; LITA = left internal thoracic artery; RITA = right internal thoracic artery. of 1.0-1.5 ml. To calculate GFR, syringe activity was recorded before and after the infusion of the radiopharmaceutical. Results of dynamic renal scintigraphy consisted in a series of scintigrams with the renal images taken at different time intervals. Based on native scintigraphic images, the areas of interest were selected for both kidneys, the heart, and the background; the 'activity-time' curves were created.
The following parameters were calculated in the course of the study: total GFR (ml/min) and GFRs for each kidney; blood clearance (min) as half-time of radiopharmaceutical excretion from blood; half-time of radiotracer drainage from renal collecting system (min; separately for the left and right kidneys); half-time of radiotracer drainage from renal parenchyma (separately for the left and right kidneys), and cortical retention index for the radiopharmaceutical (separately for the left and right kidneys).
All scintigraphic studies were performed with gamma camera Philips Forte (Philips Medical Systems, Best, The Netherlands). The low energy collimators were used for data collection. Images were recorded in 64 × 64 and 128 × 128 pixel matrices on the special-purpose computer. The differential discriminator window was set to 140 keV ± 10% photopeak for the studies with 99m Tc. Processing of the acquired scintigrams was performed using JetStream ® Workspace Release 3.0 software package (Philips Medical Systems).
The Method of HP HP was performed as follows: after the beginning of the cardiopulmonary bypass and cessation of artificial ventilation of the lungs, before the placement of aortic clamp, a 10-min hypoxemia session was delivered by introducing a low-oxygen gaseous mix (21-22% of O 2 ) into the oxygenator with a subsequent 5-min period of reoxygenation before global ischemia. This gaseous mix provided a decrease in Рa O 2 to 30-35 mm Hg and Sa O 2 to 55-65%. This procedure increased the resistance of the vital organs to ischemic and reperfusion stress and, therefore, decreased the number and severity of postoperative complications [6] .
Laboratory Methods
Serum NGAL (s-NGAL) was tested by the Human Lipocalin-2/NGAL ELISA kit (ELISA; BioVendor Laboratory Medicine, Inc., Brno, Czech Rebublic). The principle of the technique was based on quantitative solid phase immunoenzyme sandwich analysis. The Cockroft-Gault equation [17] was used to calculate pre-and postoperative creatinine clearance.
Statistical Analysis
Statistical analysis was performed with STATISTICA software (version 8.0.360.0., StatSoft Inc., Tulsa, Okla., USA). Categorical patient demographics and characteristics were expressed as numbers and percentages. Data are presented as mean ± standard deviation. Statistical comparison of quantitative data was performed by the unpaired Mann-Whitey U test. To evaluate the significance of differences between dependent samples, the nonparametric Wilcoxon rank sum test was used. To detect the presence of correlation relationships between data, the Spearman rank correlation coefficient was used. For all statistical evaluations, differences in data with p values <0.05 were considered statistically significant.
Results
Before surgery, initial abnormalities in the renal function were absent in 13 patients, including 4 (12%) and 9 (30%) patients from the study and comparison groups, respectively. A reduction of varying degree in GFR in one or two kidneys was found in 18 (54.5%) of the patients of the study group and in 21 patients (70%) of the comparison group. Only 7 individuals (4 and 3 patients in the study and comparison groups, respectively) had chronic diseases of the kidneys in the past medical history.
In our study, the mean value of lipocalin-2 in all patients before surgical treatment was 67.76 ± 6.8 ng/ml, which exceeded the corresponding mean value in individuals without cardiovascular diseases [18] . Moreover, we observed a reverse correlation relationship between the levels of s-NGAL and the LV ejection fraction (R = -0.37, p = 0.02). Statistical analysis also allowed to detect the presence of the inverse relationship between GFR and lipocalin levels in the study patients in the preoperative period (R = -0.28, p = 0.046). Table 2 shows that statistically significant changes in the values of functional activity of the kidneys after CABG were observed only in patients of the comparison group except for the half-time value of the right kidney. Indeed, there was a significant reduction in the mean values of total GFR and GFR for each kidney as well as statistically significant increases in the blood clearance and the half-life periods of the indicator for the renal collecting system of the left kidney and for the parenchyma of both kidneys. Pronounced renal dysfunction (decrease in the total GFR by ≥ 15% compared with the initial level) due to nonpulsatile blood flow occurred in 35% of the patients in the comparison group; an insignificant decrease in the filtration activity was found in 5 patients (16.7%). The obtained data accord with the results of several studies investigating the effects of artificial circulation on the renal function [5, 19] .
Besides, half-time of the drainage of the radiopharmaceutical from the renal parenchyma and cortical delay index on both sides significantly changed in the comparison group ( table 2 ) . Moreover, adverse changes in the parenchyma half-time and the cortical delay index were observed in 16 (53.3%) and 18 (60%) patients of the comparison group, respectively. Taking into account that these parameters characterize the processes that occur at a level higher than that of the renal collecting system and excretion activity in the nephron, the abnormalities in these parameters can be considered as a sign of reduction in the renal blood flow and disturbance of the renal microcirculation causing functional abnormalities in the renal parenchyma.
In patients of this group, we observed increases in the mean value of half-life periods for the renal collecting system on both sides (insignificant on the right) ( table 2 ). In the postoperative period, abnormal kidney evacuator function was found in 13 patients of the comparison group (43%) where, in the majority of cases (10 patients), the postoperative values of the indicator half-life exceeded the upper limit of normal by 9.2 min on average. Table 3 demonstrates that significant increases in the concentration of s-NGAL occurred 5 h after surgery both in the group with HP and in the comparison group relative to the preoperative value (from 70.65 ± 46.71 to 127.58 ± 98.46 ng/ml and from 65.01 ± 38.64 to 171.65 ± 89.91 ng/ml, respectively). Statistical analysis revealed direct correlation between the duration of artificial circulation and the changes in the levels of s-NGAL in cardiac surgery patients of both groups (R = 0.39 and R = 0.37, p = 0.02 and p = 0.03, for the study and comparison groups, respectively). Data are presented as mean ± standard deviation. Study group: patients with HP; comparison group: patients without HP. Т 1/2 = Half-time of indicator drainage from the renal collecting system and parenchyma; CRI = cortical retention index; p = significance of differences compared with preoperative value.
At the same time, it is worthy to note that an increase in the blood serum concentration of s-NGAL was significantly more pronounced in the comparison group than in the study group (171.65 ± 89.91 ng/ml vs. 127.58 ± 98.46 ng/ml, р = 0.02) ( fig. 1 ). The mean difference values between pre-and postoperative lipocalin levels were 56.94 ± 51.75 ng/ml in the study group and 106.64 ± 51.27 ng/ml in the comparison group; these differences were highly statistically significant (р = 0.004). Table 3 shows that creatinine clearance also significantly decreased in both groups (the decrease was more pronounced in the comparison group). However, no significant intergroup differences were present in the postoperative values (р = 0.26).
Discussion
Several works aimed at studying the diagnostic and prognostic roles of NGAL as a marker of renal dysfunction and demonstrated that lipocalin levels significantly correlate with serum creatinine, creatinine clearance, and GFR calculated using The Modification of Diet in Renal Disease (MDRD) Study equation, particularly in patients with chronic renal diseases, in Color version available online patients before and after coronary angiography, and in children who underwent on-pump cardiac surgery [14, 20] . However, in our study, we did not find such a relationship. It may be due to the fact that the plasma NGAL levels are associated not only with the morphologic and functional states of renal tubules but also with other functions of this protein. In particular, NGAL is involved in the recovery of damaged epithelium as a protein of the acute phase of inflammation as well as in remodeling of atherosclerotic plagues and myocytes in the presence of myocardial damage [12] . In all these cases, the plasma NGAL level increases. On the other hand, blood concentration of creatinine is affected by age, gender, muscle mass, circulating blood volume, the presence of creatinine metabolism abnormalities, and many other factors [21] . Abnormal glomerular filtration and the increased lipocalin-2 level in the preoperative period indicate the development of cardiorenal syndrome caused by chronic heart failure [22] . Indeed, it was known that the renal functional reserve can decrease at early stages of heart failure (NYHA I) even in the cases of clinically asymptomatic LV dysfunction [23] . There is also evidence that the levels of s-NGAL are associated with cardiovascular diseases. Indeed, Choi et al. [18] demonstrated that mean s-NGAL levels were 82.6 ± 38.7 ng/ml in patients with angiographically confirmed coronary artery stenosis versus 43.8 ± 27.8 ng/ml in the control group. The authors believe that changes in the s-NGAL level can be useful for the evaluation of cardiovascular disease risk because they are independently associated not only with coronary atherosclerosis but also with insulin resistance and systolic blood pressure.
The observed increase in the s-NGAL level in cardiac patients during the first hours after surgery agrees with data of other researchers. Mishra et al. [14] observed an elevation of the lipocalin level in blood plasma 2 h after the beginning of cardiopulmonary bypass surgery in children independently of whether they developed acute kidney injury afterwards. In addition, in patients without signs of abnormal kidney function, an increase in the lipocalin level was also significant relative to the preoperative values, though it manifested in a considerably smaller degree than in patients in whom acute kidney injury was diagnosed later. The authors also found a correlation between the duration of surgery and changes in the NGAL level [14] .
In the context of extracorporeal circulation, nonpulsatile blood flow triggers a cascade of proinflammatory reactions increasing the levels of circulating catecholamines and mediators of inflammation and acute-phase response including lipocalin [4, 12] . There is evidence that the early rise in the level of NGAL in blood plasma 2-6 h after cardiac surgery is caused by the lipocalin release into the circulation due to the inflammatory neutrophil activation triggered by surgery [14] . The other adverse side effect of extracorporeal circulation consists in the renal macro-and microembolism leading to renal vasoconstriction and ischemic injury of renal parenchyma, which, in turn, leads to the expression of lipocalin as a marker of acute kidney injury [4, 14, 20 ] . Data at the molecular level demonstrated that the presence of injured renal tubular epithelium quickly activates NF-kB, which stimulates the transcription of the NGAL gene [24] and elevates its plasma level due to the augmented synthesis in the liver, lungs, neutrophils, macrophages, and the cells of the immune system [14] .
Several regimes and approaches for ischemic preconditioning have been developed for patients undergoing open heart surgery: for example, two cycles of 2-minute ischemia following 3-minute reperfusion before cross-clamping the ascending aorta, the procedure being repeated once [25] .
In our work, we used an alternative approach to HP to protect vital organs of patients undergoing on-pump cardiac surgery. In our opinion, our approach avoids the main disadvantage of the classic method, namely the necessity of repeated aortic compressions increasing the risk of trauma of the atherosclerotically damaged aorta and triggering the release of atheromatous masses into the blood stream with subsequent embolism of various organs including the heart and the brain.
In summary: (i) HP exerts nephroprotection in patients undergoing on-pump CABG and (ii) the determination of lipocalin-2 level can be used for early diagnosis of acute kidney injury as well as for the evaluation of the efficacy of various approaches to nephroprotection in cardiac surgery patients.
Study Limitations
The main limitation of this study was the relatively small size of the study population. We do not have data on the long-term observation of these patients. It might be reasonable to evaluate study parameters after 0.5 and 1 year of follow-up.
